Introduction
Diabetic retinopathy (DR), classified into nonproliferative diabetic retinopathy and proliferative diabetic retinopathy (PDR), is an important diabetic microvascular complication, which has been identified as the leading cause of blindness in the working-age population worldwide (1) . The prevalence of diabetes mellitus (DM) is growing and the number of patients with DM has been predicted to increase to 380 million by 2025, with ~4 million people suffering from DR (2) . A number of risk factors have been reported, including hyperglycemia, hypertension, dyslipidemia, diabetes duration, ethnic origin, pregnancy, puberty and cataract surgery (3, 4) . Various additional systemic factors, including alcohol consumption, nephropathy, hypothyroidism, obesity, inflammation and endothelial dysfunction, have been reported to be associated with the development and progression of DR (2) . Chronic hyperglycemia may initiate a series of physiological and biochemical changes that may result in microvascular damage and ultimately DR. Numerous signaling pathways, including vascular endothelial growth factor (VEGF) activation, inflammation, oxidative stress, protein kinase C activation and upregulation of the renin-angiotensin system (5), have been identified to contribute the development of DR. The present study focused on the role of tumor necrosis factor ligand related molecule 1 A (TL1A) in DR, which is hypothesized to exert its DR effects via inflammation.
TL1A, also termed tumor necrosis factor superfamily member 15 and vascular endothelial growth inhibitor, was previously identified as an anti-angiogenic cytokine that belonged to the TNF superfamily (6) . TL1A may have a number of functions, including stimulation of dendritic cell maturation, activation of T-cells, inhibition of endothelial cell proliferation and endothelial progenitor cell (EPC) differentiation. In Changes in TL1A levels and associated cytokines during pathogenesis of diabetic retinopathy 1 and HUA YAN addition, previous studies have reported that TL1A is involved in inflammatory bowel disease as a Th1-polarizing cytokine (7), and suppressed tumor growth, endothelial cell proliferation and angiogenesis (8, 9) . Furthermore, reduced expression levels of TL1A have been associated with unfavorable outcome for breast cancer patients (10) . It has previously been demonstrated that TL1A was an important negative regulator for endothelial cell proliferation, which may result in inhibition of vasculogenesis. TL1A may inhibit the proliferation of endothelial cells by two mechanisms, the induction of early G 1 phase arrest and programmed cell death in proliferating cells (11) . In addition, TL1A has been reported to inhibit vasculogenesis by regulation of soluble isoforms of VEGF receptor 1 (VEGFR1) (12) . DR is a microvascular DM-associated vision disease with severe negative effects on the quality of life of patients. During DR, angiogenesis induces formation of new blood vessels and leads to the breakdown of the retinal barrier, which may ultimately result in blindness. As TL1A has been identified to contribute to vasculogenesis, the present study hypothesized that TL1A level may be important for the progression of DR and potentially provide a target for the generation of novel therapeutic and prognostic tools. VEGF is a key factor that has been investigated in the pathogenesis of DR. The use of anti-VEGF therapy in diabetic macular edema, retinal angiogenesis and PDR has been effective; however, anti-VEGF therapies have transient benefits, as the edema recurs within a few weeks, and repeated injections are required (13) (14) (15) . The role of inflammation in DR has been investigated extensively and has been demonstrated to be an important response in the development and progression of the disease pathology. A previous clinical study identified that elevated serum concentrations of tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β) and VEGF were associated with the presence and severity of diabetic retinopathy (16) . Various VEGF-dependent therapeutic agents have been used clinically for the treatment of DR patients, including Macugen, Lucentis, and bevacizumab. However, these anti-VEGF therapeutic agent regimens included multiple treatments due to the recurring edema in patients with DR, requiring the development of novel therapeutic strategies for DR treatment. Previous studies indicated that VEGF may inhibit the expression of TL1A in ovarian cancer (17) , and that expression levels of TL1A are upregulated by TNF-α and interleukin-1 (IL-1) in human umbilical vein endothelial cells (HUVECs) (18) . In addition, previous studies have reported that TNF-α may contribute to the pathogenesis of DR, as TNF-α and IL-1β induced leukostatis and vascular permeability by the activation of macroglia and increased endothelial adhesion (19, 20) . Elevated TNF-α and IL-1β expression levels were identified in the retina of diabetic animals and serum concentrations of VEGF, TNF-α and IL-1β were associated with the severity of DR (20, 21) .
The present study investigated the expression levels of TL1A, VEGF, TNF-α and IL-1β in serum, the vitreous and retina in different stages of DR in rats, and discussed the roles of TL1A, VEGF, TNF-α and IL-1β in the pathogenesis of DR. (22) and the procedures were approved by the Animal Care and Use Committee of Tianjin Medical University (Tianjin, China). The rats were randomly assigned to four groups: i) Control group (n=20, no-treatment); ii) DM 1 month group (n=20); iii) DM 3 month group (n=20); and iv) DM 6 month group (n=20). Diabetes was induced with an intraperitoneal streptozotocin injection (60 mg/kg body weight). Rats with blood sugar levels between 16.5 and 22.5 mM after 3 days of the administration of streptozotocin were assigned to the diabetic group (n=60) and included in the experiment. Blood glucose levels were quantified once a week with a blood glucose monitor (LifeScan, Inc., Milpitas, CA, USA) and small insulin (Bantus) doses (4 UI/kg) were administered when necessary, in order to maintain the blood glucose levels between 16.5 and 22.5 mM.
Materials and methods

Chemicals
Immunohistochemistry. Formalin-fixed paraffin retina sections (5 µm) were stained with hematoxylin and eosin (H&E). Immunohistochemistry was performed as previously described (23) . Briefly, the staining of TL1A, VEGF, TNF-α and IL-1β was performed on retina tissue by using a monoclonal antibody against TL1A, VEGF, TNF-α and IL-1β at a dilution of 1:100. The Immunocruz ® staining system was used, following the manufacturer's protocol. Staining-positive cells were analyzed randomly in 6 fields at a magnification of x400. Results were calculated by counting the positively stained cells. Images were captured using an Olympus BX51 fluorescent microscope (Olympus Corporation, Tokyo, Japan).
ELISA. Blood samples from each rat was collected from the femoral vein and stored in blood collection tubes without anticoagulants, and placed upright at room temperature for 20 min, in order to allow the blood to clot naturally and the serum was separated by centrifugation at 1,000 x g at 20˚C for 15 min. Vitreous samples were collected using 1 ml syringes. Serum and vitreous samples were maintained at -80˚C until biochemical assays were performed. Serum and vitreous TL1A, VEGF, TNF-α and IL-1β levels were quantified using ELISA kits according to the manufacturer's protocol. TL1A, VEGF, TNF-α and IL-1β levels were determined by reading the absorbance at 450 nm and the concentration of the cytokines in the samples was demonstrated by comparing the optical density of the samples to the standard curve.
Statistical analysis. SPSS version 17.0 (SPSS, Inc., Chicago, IL, USA) was used for all statistical analyses. Data are presented as the mean ± standard deviation. Differences between groups were analyzed using one-way analysis of variance or Student's paired t-test. P<0.05 was considered to indicate a statistically significant difference.
Results
H&E staining of retina DM model. To confirm that the DM model was successfully established, H&E staining was performed and the normal physiology of cell layers were observed in the control (Fig. 1A) and DM 1 month groups (Fig. 1B) . By contrast, the DM 3 month group exhibited signs of retinal edema, such as disorder in cell layers, decrease of ganglion cells and the presence of microvessels in the inner plexiform layer (IPL), as denoted by arrows (Fig. 1C) . It is of note that the DM 6 month group exhibited severe retina edema, thinner retina, deep staining of ganglion cells and increased microvessels in the IPL (Fig. 1D) . In addition, the inner nuclear layer (INL) was in structural disarray, edema was apparent, fat vacuoles were visible (indicated with arrowheads; Fig. 1D ) and layers of the retina were difficult to distinguish. This demonstrated that the streptozotocin injection successfully induced the DR model in rats. Notably, changes to the retina due to the pathology of DR first observed in DM rats in the 3 month group. Typical pathology changes of DR were clearly visible in the retina of DM rats at 6 months.
Changes of TL1A levels in retina and vitreous of rats with different stages of DM.
Previous studies have reported TL1A to be a negative regulator of proliferation for endothelial cells, resulting in inhibition of vasculogenesis (7, 11, 12) . As DR is a microvascular DM-associated vision disease involving vasculogenesis, the present study investigated the levels of TL1A in the retina of rats with DM by immunohistochemical analysis. It was demonstrated that TL1A was expressed in retina tissues of the control groups, including the INL and ganglion cell layer ( Fig. 2A) . TL1A levels in the DM 1 month group were significantly lower compared with the control group (P<0.05; Fig. 2B ); however, they were increased to near baseline levels in the DM 3 month group. In the DM 6 month group, the TL1A levels were significantly higher compared with the control group (P<0.05; Fig. 2B ). ELISA was used to confirm the changes of the TL1A expression levels in the vitreous of rats at different stages of DM. These assays exhibited the same changes of TL1A expression levels observed in the retina. Briefly, the levels of TL1A were significantly lower in the DM 1 month and 3 month groups compared with the control group (P<0.05; Fig. 2C ). In addition, TL1A levels were significantly higher in the DM 6 month group compared with the control (P<0.05; Fig. 2C ). Thus, it is possible that the expression levels of TL1A may be regulated by other cytokines.
Levels of VEGF are upregulated in the retina and vitreous of rats with DM. It has previously been reported that VEGF may inhibit the expression of TL1A (17) . Therefore, the present study conducted immunohistochemistry experiments in the retina and ELISA in the vitreous to determine the expression levels of VEGF at different stages of DM. Expression levels of VEGF in the DM groups were all significantly higher compared with the control group, and the levels increased with the progression of DR in the retina and vitreous (P<0.05; Fig. 3 ). This result was consistent with our previous study (24) , which demonstrated that the level of VEGF in patients with DR was significantly higher compared with healthy persons. However, in the present study, this trend did not negatively correlate with TL1A levels in the retina and vitreous, suggesting that the expression of TL1A may be regulated by additional factors.
Ratios of TL1A/VEGF in retina and vitreous of rats with DM. As TL1A and VEGF have opposing functions in microvascular endothelial cells, the ratio of TL1A/VEGF in the retina and vitreous are important to the development and progression of DR. Therefore, quantification of the immunohistochemistry experiments in retina and ELISA assays in vitreous were used to calculate the ratio of TL1A/VEGF. It was demonstrated that the ratio of TL1A/VEGF in the retina of DM 1 month rat group was significantly reduced to 35.37% compared with the control (P<0.05; Fig. 4A ). The ratio of retinal TL1A/VEGF was increased in the DM 3 month group and peaked in the DM 6 month group. However, this peak was significantly lower compared with the control group (P<0.05; Fig. 4A ). Consistent with the observations obtained from the retina, the ratio of TL1A/VEGF in the vitreous of rats with DM 1 month significantly decreased to 61.77% compared with the control group (P<0.05; Fig. 4B ). The ratio of vitreous TL1A/VEGF was significantly increased only in the DM 6 month group, which remained significantly lower than that of the control group (P<0.05; Fig. 4B ). These data demonstrated that although the ratio of TL1A/VEGF increased during the development and progression of DR, it was consistently lower in DM groups compared with the control group. Therefore, it is possible that additional factors are involved in the pathophysiology of DR.
Levels of TNF-α and IL-1β are upregulated in the retina and vitreous of rats with DM.
Previous studies have reported that DM increased the release of retinal inflammatory mediators, including IL-1β, TNF-α, VEGF, intercellular adhesion molecule 1 (ICAM-1) and angiotensin II (16) , and the expression of TL1A was upregulated by TNF-α and IL-1β (18) . To investigate the association between the expression of TL1A and TNF-α and IL-1β levels, immunohistochemistry analysis of the retina and ELISA assays in vitreous were performed. The immunochemistry result indicated a time-dependent increase in TNF-α expression levels (Fig. 5A ) and IL-1β (Fig. 5B) during the development and progression of DR. The ELISA assays were consistent with the immunohistochemistry as the expression levels of TNF-α and IL-1β were significantly higher in DM 3 month and 6 month groups compared with the control group (P<0.05; Fig. 5C and D) . These data suggested that the increased TNF-α and IL-1β levels may contribute to the increased expression of TL1A.
Levels of TL1A, VEGF, TNF-α and IL-1β in serum samples from rats with DM.
Previous studies have reported elevated serum concentrations of IL-1β, TNF-α, and VEGF correlate with the severity of DR (19, 21) . In order to investigate the association between levels of TL1A, VEGF, TNF-α and IL-1β and the pathogenesis of DR, their expression levels in serum from DM rats were quantified using ELISA assays.
The changes of the TL1A, VEGF, TNF-α and IL-1β levels in serum indicated similar expression change dynamics as those observed in the retina and vitreous. Specifically, the expression levels of TL1A were significantly lower in DM 1 and 3 month groups compared with the control group (P<0.05; Fig. 6 ). However, they significantly increased in DM 6 month group compared with the DM 3 month group (Fig. 6) , which was different from the changes of TL1A levels in the retina and vitreous. The VEGF expression levels were significantly higher in all three DM groups compared with the control group (P<0.05; Fig. 6 ), which was consistent with VEGF changes observed in the retina and vitreous. The expression levels of TNF-α and IL-1β were significantly higher in DM 3 month and 6 month groups compared with the control group, which was consistent with changes observed in the retina and vitreous (P<0.05; Fig. 6 ). These results suggest that the levels of TL1A, VEGF, TNF-α and IL-1β in the serum may be associated with the changes observed in the retina and vitreous.
Discussion
Previous studies have reported that the pathogenesis of DR may be associated with microvascular occlusion and leakage, neuronal dysfunction and inflammation (4, 16) . VEGF has been identified as a proinflammatory factor that affected endothelial tight junction proteins, resulting in the extravasation of fluid and retinal edema (25) , and has been considered to be a key molecule for the pathogenesis of DR. TL1A has been identified as an important cytokine that may be involved in various inflammatory responses and hyperplasia of microvascular diseases (9, 26) . The present study demonstrated that TL1A may act as a protective factor in the pathogenesis of DR. The retina histopathology (H&E stain) results revealed that retina pathology changes that may be attributed to DR were evident in the rats from the DM 3 month group and typical pathology changes of DR were also observed in DM 6 month group. Subsequently, it was determined that the expression levels of TL1A were lower in the early stages of DM compared with the control group, and increased in groups with DR (DM 3 and 6 month groups). Consistent with disease progression, levels of VEGF were higher in the DM groups compared with the control group. Additionally, the levels of TNF-α and IL-1β, which had been reported to upregulate the expression of TL1A were investigated in the DM groups. The present study determined that the expression levels of TNF-α and IL-1β were higher in the DM groups compared with the control group. Therefore, it is possible that the ratio of TL1A/VEGF may contribute to the development and progression of DR. Furthermore, the expression of TL1A may be regulated by various factors, including VEGF, TNF-α and IL-1β. TL1A, which belongs to TNF superfamily, has been expressed primarily in endothelial cells as a negative modulator of angiogenesis and may be induced in response to inflammatory stimuli (9, 26, 27) . Previous studies have reported that TL1A suppressed the ability of capillary formation in vitro, which was induced by fibroblast growth factor-2 (FGF2) or VEGF in adult bovine aortic endothelial cells (27) . Additionally, TL1A inhibited ~50% of the neovascularization induced by either FGF2 or VEGF in vivo. A recent study Qi et al (12) determined that TL1A inhibited vasculogenesis by regulating the expression levels of the VEGFR1. They also reported that TL1A inhibited VEGF-driven, EPC-supported vasculogenesis in a murine matrigel implant model (12) . Therefore, it is possible that TL1A may be important in the development and progression of DR, which may be characterized by inflammation and neovascularization driven by pro-angiogenesis growth factors and cytokines. The current study investigated the association between the expression of TL1A and the development and progression of DR, by quantifying the expression levels of TL1A in the retina and vitreous of DM rats. It was determined that TL1A levels were significantly lower in the early stages of DM and started to increase in the DM 3 month group, which was consistent with the features of the early stage of DR observed in histological staining. The levels peaked in the DM 6 month group and were significantly higher compared with the control group. VEGF has been previously reported to be secreted by cancer cells and may downregulate TL1A production by endothelial cells in vitro, and recombinant TL1A has been demonstrated to effectively suppress the angiogenesis and growth of tumors (17, 28) . Therefore, VEGF may downregulate the expression of TL1A. The present study demonstrated that the levels of VEGF in the retina and vitreous were higher in DM groups compared with the control group. These data were consistent with previous studies (24, 29) , which determined that VEGF also stimulated increased leukostasis in the microvessels of the retina and the sticky leukocytes released cytokines or may migrate via the transendothelial route, which may result in a breakdown of the blood-retinal barrier (BRB) and VEGF appeared to be important for promoting intraocular neovascularization in PDR. The present study revealed the ratio of TL1A/VEGF was lower in DM groups compared with the control group. However, the ratio of the DM 6 month group was significantly higher compared with the DM 1 month group. These findings suggested that increased levels of VEGF downregulated the expression levels of TL1A in the early stage of DM (DM 1 month), whilst the organism may overexpress TL1A, as a negative regulator of DM, in order to limit the development and progression of DR (DM 3 month and 6 month groups). Cytokine levels were also investigated in order to determine whether they regulated the expression of TL1A.
Diabetes has been identified to increase the release of retinal inflammatory mediators, such as IL-1β, TNF-α, VEGF, ICAM-1 and angiotensin II and activate microglial cells in the early stage of DR. TNF-α and IL-1β may induce leukostatis and vascular permeability via activation of the microglia and increased endothelial adhesion (19, 30, 31) . It has been reported that TNF-α is important for the BRB breakdown during DR pathogenesis (32) . A previous study determined that anti-angiogenic dose of TNF-α (30 ng/ml) upregulated the expression of TL1A in endothelial cells (10) . Notably, there is clear evidence that the expression of TL1A may be upregulated by TNF-α and IL-1 in HUVECs (18) . Therefore, the present study assessed the levels of TNF-α and IL-1β in the different stages of DM. It was determined that the levels of TNF-α and IL-1β were significantly higher in DM 3 month and 6 month groups compared with the control group. Therefore, the levels of TNF-α and IL-1β were higher in DR rats, resulting in increased levels of TL1A.
Previous studies have identified that the elevated serum concentrations of IL-1β, TNF-α, and VEGF correlated with the presence and severity of DR (19, 21) . It was suggested that the increase of these cytokines may be an important systemic factor of DR development. However, another study revealed that the vitreous levels of VEGF were not influenced by the VEGF serum concentrations in DR and were not correlated with the presence and severity of DR (33) . The results of the current study were consistent with the first study (19) , in which levels of VEGF, TNF-α, and IL-1β were higher in the DR groups compared with the control group. Changes in TL1A expression levels were partly consistent with those in the retina and vitreous. Briefly, levels of TL1A were significantly lower in the DM 1 and 3 month groups compared with the control group, and significantly increased in the DM 6 month group compared with the DM 3 month group, which was different from the changes of TL1A levels observed in the retina and vitreous. This indicated that the changes of TL1A levels in the serum occurred after those in retina and vitreous. The findings of the present study may provide the rationale required for the development of novel diagnostic strategies of DR. Figure 6 . Levels of TL1A, VEGF, TNF-α and IL-1β in blood serum from DM rats was determined using ELISA analysis Data are presented as the mean ± standard deviation. * P<0.05 vs. control group, or as indicated. TL1A, tumor necrosis factor ligand related molecule 1A; VEGF, vascular endothelial growth factor; TNF-α, tumor necrosis factor α; IL-1β, interleukin-1β; Ctrl, control; DM, diabetes mellitus.
In conclusion, the present study determined the changes of TL1A, VEGF, TNF-α, and IL-1β expression levels, which occur in the retina, vitreous and serum of rats at different stages of DR. These results suggested that TL1A may be a negative regulator in the development and progression of DR and may be regulated by VEGF, TNF-α, and IL-1β, and provide additional therapeutic targets for the treatment of DR.
